In graphene devices with a varying degree of disorders as characterized by their carrier mobility and minimum conductivity, we have studied the thermoelectric power along with the electrical conductivity over a wide range of temperatures. We have found that the Mott relation fails in the vicinity of the Dirac point in high-mobility graphene. By properly taking account of the high temperature effects, we have obtained good agreement between the Boltzmann transport theory and our experimental data. In low-mobility graphene where the charged impurities induce relatively high residual carrier density, the Mott relation holds at all gate voltages.
Since the first discovery of gated two-dimensional atomic carbon layer device in 2004 [1] , tremendous effort has been put into the research of single-and few-layer graphene materials [2] [3] [4] [5] . In addition to the electrical conductivity, thermoelectric power or TEP, which is the derivative of the energy-dependent electrical conductivity in the degenerate limit according to the Mott relation [6] , provides a sensitive probe to study the transport properties of graphene since the Fermi energy can be conveniently tuned by a gate voltage as reported previously [7] [8] [9] [10] [11] [12] . From the temperature dependence of TEP, one can in principle distinguish different scattering mechanisms [10] . Although the Mott relation was used earlier in single-layer [8] and bi-layer [13] graphene systems, in this work, we have prepared graphene devices with a wide range of carrier mobility therefore with a varying degree of disorders, and carefully examined the validity of the Mott relation as we approach the low-density region near the Dirac point.
Single-layer graphene sheets are exfoliated from either Kish graphite or HOPG and selected with optical microscopy followed by electron beam lithography as described in [8] . The inset of Figure 1 is a false colored scanning electron micrograph of a single-layer device for both electrical conductivity σ and TEP measurements. For TEP, a temperature gradient, , is generated by a micro-fabricated heater, resulting in a thermo-voltage response, V th . We find that the local resistive thermometry reports a larger , which is probably caused by the high thermal conductivity of graphene [14] [15] . This occurs because the local thermometers, i.e. segments of Au/Cr electrodes, are actually much longer than the width of the graphene device (as shown in the inset of Fig. 1) ; therefore, the temperature rise of the thermometers is primarily determined by the substrate, which consequently overestimates of graphene and underestimates the magnitude of S M . We have verified this by comparing the resistance change of the thermometers with that of the graphene probed between electrodes 1&2, 2&3, and 3&4. The discrepancy in the resulting evaluated from these two methods can be as large as a factor of two. However, for a fixed temperature, should remain constant as V g is swept; therefore, the measured and calculated TEP should only differ by a V g -independent factor. In Fig. 1 , we allow an adjustable parameter to match the calculated TEP curves with . The solid curve clearly matches the data best. If the Fermi velocity of m/s is used, the V g -independent calibrator factor is found to be about two.
Although similar satisfactory agreement is found in other low-samples, high-samples exhibit a quite different behavior. Fig. 2a is the TEP data on a much higher sample (~ 13,000 cm 2 /Vs). shows a more diverging trend with a sharp peak and dip near the Dirac point or the charge neutral point (CNP) at all temperatures.
Moreover, the diverging can be very well fitted by on both sides except over the central region bounded by the peak and dip. ΔV, the peak-to-dip width in V g , is about 5 V at 200 K, narrower than that in the low-sample, i.e. ~10 V in Fig. 1. Fig. 2b to match the calculated data with at each temperature. We expect the Mott relation to hold at high V g where the carriers are degenerate; therefore, we force and to match at the highest V g . However, it is impossible to match the sharp features in by varying the adjustable parameter.
The connection between the magnitude of µ c and the deviations from the Mott relation is better seen in Fig. 3a . A comparison is made between and in four samples with different µ c . All measurements were performed at T=200 K.
Evidently, the Mott relation holds for the lowest sample, but deviates most significantly in the highest . Below 100 K, the deviation is insignificant even in the highest samples (data not shown). More interestingly, this trend is observed in a device whose can be set at different values (Fig. 3b ). In our earlier study [16] , we reported that µ c can be widely tuned using molecule-wrapped nanoparticles which modify graphene's charge environment. Using the same method, µ c at 295 K is tuned by a factor of two. The contrast between these two cases confirms that the validity of the Mott relation is intimately related to µ c . Fig. 4 . Below, we try to assess this effect in terms of a calculated range. We convert n* to an effective gate voltage using , which is the equivalent gate voltage that produces the corresponding carrier density n* electrostatically. Then the region fromn*/2 to n*/2 in residual density defines a region near CNP where the transport is governed by electron and hole puddles, the same source for the plateau [19] . The calculated width of this region is plotted in Fig. 4 . The triangles represent the data from 9 different devices with various values, the squares are the data taken from one device (its Seebeck data were shown in Fig. 2 ) whose variable was obtained by manipulating the charge environment using nanoparticles as described in detail in [16] .
These two sets of n* data are calculated from σ of different devices taken under different conditions. Surprisingly, the calculated ΔV from those two sets of data overlap well with each other when they meet in the intermediate range. For comparison, the circles are the width of the central region measured from the peak to dip in TEP. Apparently, this width is slightly larger than that determined from n*, which may be attributed to the somewhat arbitrary criterion in defining the region.
The former is obtained by reading off the values at the peak and dip in S M and the latter is essentially defined by the region of the minimum conductivity plateau. Both decrease in the same trend as increases, indicating that the TEP behavior near CNP is governed by the residual local charge density.
If n* is so large that , we expect the Mott relation to hold. This is indeed the case in low-devices. If the opposite is true, the Mott relation is violated, which is the case in high-samples. At large V g , the electrostatically induced charge density is high, and so is T F . As V g approaches CNP, the charge density is low in high-samples; therefore, the Mott relation fails. In this low-density central region, it is still possible to calculate the Seebeck coefficient from Eq. 2. At finite temperatures, three factors must be considered: full (-) function, T-dependent chemical potential µ(T), and the energy dependent kernel function, σ(ε). We adopt Eq.
17 in [20] for µ(T). σ(ε) can explicitly depend on T via electron-phonon interaction and/or dielectric constant due to screening. Although these effects on the kernel function have been addressed theoretically [20] , here we replace σ(ε) in L 12 by measured V g -dependent conductivity, i.e. σ(V g )=L 11 . In the upper left panel of Fig. 2b , In comparison, the second approximation appears to be slightly better, which indicates that the effects of screening and phonons on σ are important at high temperatures. The other panels in Fig. 3a only contain curves.
In conclusion, we have studied TEP along with the electrical transport and 
